Abstract. We study ultrathin quasicrystalline (QC) films as catalysts for the synthesis of carbon nanotubes (CNTs). To optimize the conditions for the synthesis of CNTs with single chirality, it is important to understand the effects of the catalyst on the chirality-selectivity. Among QC alloys found so far, an icosahedral Al--Cu--Fe alloy system with fivefold symmetry was tested for a catalyst in the synthesis of CNTs by alcohol catalytic-chemical vapor deposition (CCVD). Cross-sectional scanning electron microscopic images of the samples revealed that verticallyaligned CNTs were synthesized reproducibly. It implies that QC films have a significant catalytic activity for the synthesis of CNTs. Moreover, preliminary results of chirality-selectivity are obtained by means of resonance Raman scattering. It is suggested that Al--Cu--Fe ultrathin films are useful for the preferential synthesis of armchairtype CNTs, that is, QC nanoclusters play an important role as catalyst in alcohol CCVD.
Introduction
In recent years, chirality-selective synthesis of carbon nanotubes (CNTs) has been developed for industrial applications such as field emission cathodes for flat panel displays [1] . The electronic property of a CNT can be either metallic or semiconducting, dependent on its diameter and chirality [2] . The size and morphology of catalyst nanoclusters play an important role in determining the diameter of CNTs synthesized by catalytic-chemical vapor deposition (CCVD) . At present, understanding of catalyst effects on the chirality distribution is a major issue to optimize the synthesis conditions of CNTs towards single chirality by CCVD method [3] [4] [5] . In this study, catalytic activity and chirality-selectivity of quasicrystalline (QC) alloys in the synthesis of CNTs were investigated for the first time.
An icosahedral Al--Cu--Fe was tested as a catalyst for the synthesis of CNTs by alcohol CCVD [4, [6] [7] [8] . Al/Cu/Fe three-layered ultrathin films were deposited on Si/SiO 2 substrates by sequential electron beam evaporation with a thickness of subnanometric accuracy, followed by annealing in a CVD reactor to form nanoclusters in an icosahedral phase [9, 10] . Then, CNTs were synthesized by alcohol CCVD [8] . The as-grown CNTs were observed by using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Chirality indices (n, m) of CNTs were determined by radial breathing mode (RBM) resonance Raman scattering (RRS). The assignment scheme of Jorio et al. is used for RBM Raman peaks [11, 12] . Cross-sectional SEM images of the CNTs revealed that vertically-aligned CNTs were synthesized reproducibly. Preliminary results of chirality distribution of CNTs were obtained by RBM Raman spectra. It was found that the largest abundance of (n, m) is (9, 9) armchair-type CNTs. The mechanism of the chirality selectivity using QC ultrathin films as catalysts is described in this article.
Experimental
In this study, Si (100) single crystal wafers (n-type, 10 mm Â 10 mm in size, and 0.5 mm in thickness) were used for substrates. Silicon dioxide thin films (50 nm in thickness) were deposited on Si substrates by magnetron sputtering to prevent the reaction between Si and QC film. Al (2.1 nm)/Cu (0.6 nm)/Fe (0.3 nm) three-layered films were deposited on Si/SiO 2 substrates by sequential electron beam evaporation with an accuracy of $10 pm. Then, the samples were annealed at 723 K for 30 min in a CVD reactor to form nanoclusters in a perfect icosahedral composition, i.e., Al 62 Cu 25.5 Fe 12.5 [9, 10] , followed by synthesizing CNTs at 973 K for 5 min by alcohol CCVD (hereafter, this sample is referred as sample #1). For comparison, conventional Al (2 nm)/Co (1 nm) two-layered films were deposited on Si/SiO 2 substrates by sequential magnetron sputtering. Then, the samples were annealed at 973 K for two hours in air, followed by synthesizing CNTs at 973 K for 10 min by alcohol CCVD (hereafter, this sample is referred as sample #2). More details are described in Ref. [8] . X-ray diffraction (XRD, PW1830, Philips) was used for evaluation of the quasicrystallinity of the annealed Al/ Cu/Fe three-layered ultrathin films [9] . In XRD, spectra were taken under CuK a radiation at 40 kV and 40 mA excitation. SEM (S-4000, Hitachi) and TEM (CM-120, FEI) were used for evaluation of the morphology and structure of the as-grown CNTs. RRS (LabRAM ARA-MIS, Horiba Jobin Yvon) was used for both chirality assignment and determination of chirality distributions of the as-grown CNTs on Si/SiO 2 substrates. In RRS, HeNe laser beam, $1 mm in diameter, 632.8 nm in wavelength, 0.06 mW in power, was irradiated on the as-grown samples along the nearly isolated nanotube axis direction. The abundance of different chiralities was obtained from more than 100 CNTs by using RBM mapping in scanned areas, $25 mm Â 10 mm.
Results and discussion Figure 1 shows an X-ray diffraction spectrum of an Al--Cu--Fe film annealed at 723 K for 60 min. In this spectrum, several diffraction peaks can be attributed to the icosahedral-Al--Cu--Fe phase, and others can be attributed to the omega-Al 7 Cu 2 Fe (tetragonal phase, so-called "approximant") and the epsilon-alumina. All the diffraction peaks are very weak. This suggests that the annealed film is an ensemble structure of individual nanoclusters in these three phases. The individual nanoclusters may play an important role as catalyst particles for the CNT synthesis with nanometer-size diameter. Figure 2 shows a cross-sectional SEM image of sample #1, in which an Al--Cu--Fe ultrathin film was used as catalyst. It was clearly revealed that vertically-aligned CNTs ($2.6 mm in length) were synthesized reproducibly by using Al--Cu--Fe ultrathin films (3 nm in total thickness) as catalyst. Figure 3 shows a TEM image of sam- Figures 4 and 5 show RBM Raman spectra of more than 100 individual CNTs in the scanned areas of samples #1 and #2, respectively. From these results, relative abundances of (n, m) chirality indices of samples #1 and #2 were obtained, and are given in Tables 1 and 2 , respectively. From these results, it was revealed that armchairand near armchair-type CNTs with the chirality indices of (9, 9), (15, 11) and (7, 5) are further preferentially synthesized by using Al--Cu--Fe ultrathin films with icosahedral QC composition as catalyst, rather than by using conventional Al/Co (or other transition metals) films. This higher chirality-selectivity of QC alloy films can be explained by a postulated mechanism as follows. Pentagonal carbon rings are formed epitaxially on the facets of Al--Cu--Fe nanoclusters (1-3 nm in diameter) with fivefold symmetry, results in the formation of hemi-fullerene caps (C 30 , $0.7 nm in diameter) of CNTs, subsequently armchair-and/or near armchair-type CNTs are preferentially synthesized by the catalytic reaction of the QC nanoclusters as templates [13] .
Conclusion
In the last decade, we have seen the explosive development of a new field, now commonly known as nanoscience and nanotechnology. In particular, quasicrystals [7] , CNTs [14] and nanoclustes [15] are excellently fascinating fields in nano-science. In this article, nanoclusters of QC structure were investigated in applications to catalysis for the synthesis of CNTs.
It is found from preliminary results described in this article that, first, vertically-aligned CNTs were reproducibly synthesized by using Al--Cu--Fe ultrathin films as catalyst for alcohol CCVD, and secondly, armchair-and near armchair-type CNTs, having the chirality indices of (9, 9), (15, 11) and (7, 5) , were preferentially synthesized by using Al--Cu--Fe ultrathin films with icosahedral composition. It was verified for the first time that icosahedral QC films such as an Al--Cu--Fe system have a significant catalytic activity for the synthesis of CNTs, especially armchair and/or near-armchair CNTs. This chirality-selectivity can be explained by the proposed model that pentagonal carbon rings are preferentially formed on the QC nanocluster facets with fivefold symmetry at the initial stage of formation of hemi-fullerene caps of CNTs, results in the synthesis of armchair-type CNTs. Note: Values of <1% are omitted in this Table. 
